Until recently, proteasome-mediated proteolysis dominated discussion about the function of ubiquitin, a highly conserved 76-amino acid polypeptide. However, a spate of new discoveries has opened up research into the functions of ubiquitin in regulating proteins by proteasome-independent processes. These investigations have led to a deeper understanding of the different types of ubiquitin modifications and of proteins that bind to monoubiquitin and polyubiquitin chains. In this review we discuss proteasome-independent functions of ubiquitin with emphasis on how monoubiquitin and ubiquitin-binding proteins signal changes in protein location, activity, and interactions with binding partners.
Ubiquitin Is Used for Diverse, Reversible Modifications
Covalent attachment of ubiquitin to lysine residues in a substrate protein requires the action of a cascade of enzymes (1) . First, the ubiquitin-activating enzyme, or E1, forms a high energy thiol ester bond with ubiquitin in an ATP-dependent reaction. The next step is transfer of the activated ubiquitin to a ubiquitin-conjugating enzyme, or E2. Although some E2s can ubiquitinate substrate proteins directly, a third enzyme, the ubiquitin ligase or E3, is usually required for substrate specificity.
The ubiquitination machinery is capable of appending a variety of ubiquitin modifications to substrates. The attachment of a single ubiquitin polypeptide, monoubiquitin, to a substrate serves as an important regulatory modification (2) . Monoubiquitin acts as a sorting signal throughout the endocytic pathway and regulates diverse proteins including histones, endocytic machinery, and transcription factors. A polyubiquitin chain is formed when ubiquitin is attached to a lysine within ubiquitin itself, and this process is repeated. Polyubiquitin chains linked through different lysine residues are involved in distinct cellular functions. For instance, the signal necessary for degradation of substrates by the proteasome is a polyubiquitin chain attached through Lys-48, and chains linked through Lys-63 are crucial to the role of ubiquitin in DNA damage repair (1) .
How does the cell achieve such variety in the type of ubiquitin modification? The formation of polyubiquitin chains linked through different lysine residues is probably regulated by individual enzymes of the conjugation machinery (1) . Some E3s can modify substrates with both monoubiquitin and polyubiquitin chains (e.g. Rsp5; reviewed in Ref. 3) and can act together with regulatory proteins to promote chain formation on a subset of targets (1) . In other cases, it has been suggested that monoubiquitin-binding domains in cis or trans could act as "capping" domains to limit chain extension (e.g. Refs. 4 -7) . A large number of deubiquitinating enzymes catalyze the removal of ubiquitin from substrates (8) , adding another level of regulation.
Through the concerted action of ubiquitinating and deubiquitinating enzymes, ubiquitination acts as a reversible modification similar to phosphorylation. Ubiquitin is chemically more complex than a phosphate group, and the added features of chain formation and linkage type generate diversity. One way in which cells may interpret distinct ubiquitin modifications will be discussed in the following section.
Modular Ubiquitin-binding Domains
Small, modular protein domains bind signals transmitted through phosphoamino acids or through phosphoinositides, often in a regulated manner (e.g. Refs. 9 and 10). A similar paradigm is emerging in signaling by mono-and polyubiquitin. The first insight into how ubiquitin signals are interpreted came from the identification of a hydrophobic patch on the ubiquitin surface (Leu-8, Ile-44, Val-70) that is required for binding to the S5a/Rpn10 subunit of the proteasome (11) . This same hydrophobic patch and a second patch on a different molecular surface, near Phe-4, are critical for endocytic transport and vegetative growth in Saccharomyces cerevisiae (12) . Thus, the surface regions of ubiquitin appear to be threedimensional signals that are interpreted by the cell through interaction with distinct protein domains. Ubiquitin-binding domains are found in proteins with known or implied functions in diverse biological processes, suggesting extensive participation of ubiquitin in non-proteasomal cellular roles. Domains that directly bind to monoubiquitin and/or polyubiquitin chains are being identified at a rapid rate, and at present at least six have been described (Table I) .
The ubiquitin-interacting motif (UIM) 1 was identified by database searches for sequences similar to a 20-amino acid motif from S5a/Rpn10 that binds to ubiquitin directly (13, 14) . UIMs from multiple proteins bind to mono-and polyubiquitin through the ubiquitin Ile-44 hydrophobic patch (e.g. Refs. 6 and 15-18) . A UIM forms an amphipathic ␣-helix (18), and two or three UIMs are often present in a protein in tandem.
The structurally similar CUE (similar to Cue1) and UBA (ubiquitin-associated) domains bind to both mono-and polyubiquitin (e.g. Refs. 5, 19, and 20) . These domains were identified independently by database searches. The CUE domain is based on a conserved region of the yeast Cue1 and mammalian Tollip proteins (21) , and the UBA domain is a sequence present in multiple proteins associated with the ubiquitin-proteasome pathway (22) . Both domains are three helix bundles that interact with the Ile-44 hydrophobic surface of ubiquitin (Refs. 7, 23, and 24, and references therein). The structure of the CUE-ubiquitin complex reveals a conserved MFP motif within the CUE domain critical for this interaction (7) . The analogous sequence in the UBA domain is MG(F/Y).
The ubiquitin E2 enzyme variant (UEV or Ubc-like) domain is related to the catalytic domain found in E2 enzymes but lacks the catalytic cysteine that is necessary for conjugation to ubiquitin (25) . One UEV protein, Mms2, associates with a bona fide E2 to promote catalysis of Lys-63-linked ubiquitin chains (26) . Another, Tsg101/Vps23, binds to monoubiquitinated proteins (27, 28) (see below) but does not appear to be involved in catalysis. The mode of interaction between the Tsg101 UEV and ubiquitin differs from that of Mms2 and ubiquitin (29) .
Two zinc finger domains are known to interact with ubiquitin. The microtubule deacetylase (HDAC6) binds to ubiquitin through what has been termed a PAZ (polyubiquitin-associated zinc finger) domain (30, 31) . Although no structural information is currently available, similar zinc finger domains are present in several deubiquitinating enzymes and two BRCA1-associated proteins. Another ubiquitin-binding zinc finger, named the novel zinc finger (NZF) domain, has been identified in the Npl4 and Vps36 proteins involved in membrane fusion and trafficking (5) . Although the NZF motif also binds to the Ile-44 hydrophobic patch of ubiquitin, it is structurally distinct from the UIM, UBA, and CUE domains because it consists primarily of ␤ strands (32) .
In some cases, distinct members of a domain family bind ubiquitin with different affinities (e.g. Ref. 20) and may bind to different ubiquitin modifications in vivo. These differences may be because of specific sequence variations within these degenerate domain families or because context within a protein affects a domain's binding properties. In vitro, most of the domains bind monoubiquitin with low affinity and can bind to polyubiquitin as well. For several domains the affinity for polyubiquitin is higher, even when genetic or physiological data suggest that monoubiquitin is the target of the domain in the cell (e.g. Refs. 6, 17, and 33). In vitro, a polyubiquitin chain presents the binding domain with hydrophobic surfaces from each ubiquitin moiety, allowing for the possibility of a multivalent interaction. However, in vivo the only available binding partner may be monoubiquitin, and low affinity interactions with monoubiquitin would ensure that the interaction is readily reversible.
Ubiquitin-binding Domains Mediate Ubiquitination within the Same Protein
In addition to binding monoubiquitin, UIM and CUE domains promote the monoubiquitination of proteins within which they are carried (6, 20, 34 -36) . These domains do not possess ubiquitin ligase activity per se but possibly recruit a thiol ester-linked ubiquitin-E2 or ubiquitin-E3 intermediate (6) . It is unlikely that all UIM and CUE domains mediate monoubiquitination. For instance, ubiquitination of S5a/Rpn10 has not been observed, suggesting that coupled monoubiquitination may be specific to a subset of UIM/CUE domains or may require characteristics of the individual protein. Sites of ubiquitination lie outside the UIM and CUE domains (6, 34), 2 suggesting the possibility of intramolecular interaction between the conjugated ubiquitin and the ubiquitin-binding domain.
The observation that multiple ubiquitin-binding proteins are themselves monoubiquitinated hints that the pairing of ubiquitin binding and ubiquitination may be an important regulatory mechanism. This combination may serve several functions. First, the precise spatial and temporal assembly of some protein complexes, such as those required for budding of endocytic vesicles from the plasma membrane, requires multiple low affinity protein-protein and protein-lipid interactions. Ubiquitin binding by and ubiquitination of the same protein could provide one type of signal for the sequential assembly of a protein network (6, 37) (see Fig. 1A ). Second, an appended monoubiquitin may bind to a ubiquitin-binding domain within the same protein. This interaction may protect a monoubiquitin-binding domain from binding to free ubiquitin in the cytosol rather than its intended ubiquitinated partner (Fig. 1A) or could result in a change of protein conformation to affect protein activity (Fig. 1B) . In addition, a ubiquitin-UIM/CUE interaction might regulate monoubiquitination versus polyubiquitin chain formation. In support of this idea, the threedimensional structure of a CUE-ubiquitin complex reveals that binding of the CUE domain to ubiquitin blocks access to ubiquitin Lys-48, thus limiting chain formation at this residue (7) . In any event, the consequences of ubiquitination coupled to ubiquitin binding are likely to be intimately connected with the functions of ubiquitin and ubiquitin-binding domains, which are described in three general categories below.
Ubiquitin Alters Protein Location
One characterized function for monoubiquitin is as a regulated signal for membrane protein trafficking (reviewed in Refs. 3, 38, and 39). In yeast and mammalian cells, monoubiquitination is a necessary and sufficient signal for internalization of many cell surface proteins into the endocytic pathway (e.g. Refs. 40 and 41). As proteins are delivered from the plasma membrane to the lysosome for degradation, monoubiquitin is also used as a signal for the sorting of transmembrane proteins into vesicles that bud into the lumen of a late endosomal compartment known as the multivesicular body (MVB). In the same way, proteins from the biosynthetic pathway are sorted into MVB vesicles by a ubiquitin signal (38) . Some membrane proteins that are internalized or sorted in a ubiquitin-dependent manner are not themselves ubiquitinated but interact with 2 S. Francis and L. Hicke, unpublished data. 
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The transport signals provided by monoubiquitin are recognized by ubiquitin-binding components of the endocytic machinery that behave as adaptor proteins to link ubiquitinated cargo to the vesicle budding machinery (38, 39, 44) . During the internalization step of endocytosis, epsins are the likely adaptors that link ubiquitinated cargo to the clathrin coat through two UIM motifs (17) . At the MVB, multiple ubiquitin-binding proteins function to deliver cargo into budding luminal vesicles. These proteins include the UIM protein complex Hrs-STAM (yeast Vps27-Hse1), the UEV protein Tsg101 (yeast Vps23), and the NZF protein Vps36 (5, 38) .
The Fanconi anemia protein FANCD2 provides another example of the effect of ubiquitination on protein localization (45) . Fanconi anemia is a recessive autosomal disorder in humans that results in cancer susceptibility and sensitivity to DNA damage. FANCD2 is monoubiquitinated in S phase of the cell cycle, a modification that stimulates its translocation into discrete nuclear foci. This event results in co-localization of FANCD2 with DNA damage proteins, such as BRCA1, presumably to coordinate the cellular response to DNA repair. It is not yet known whether monoubiquitin is a common signal for intranuclear localization or how this ubiquitin-dependent localization occurs.
Ubiquitin Alters Protein Function
In addition to serving as a cargo sorting signal in the endocytic pathway, ubiquitination regulates the activity of transacting endocytic proteins (Refs. 46 and 47, and references therein). Several general components of the sorting and vesicle budding machinery, Eps15, epsins, and Hrs, are monoubiquitinated by virtue of containing UIM or CUE domains (e.g. Refs. 6, 20,and 36). CIN85 and Numb are two other endocytic proteins that are mono-and polyubiquitinated, respectively, although they do not carry known ubiquitin-binding domains (e.g. Refs. 48 and 49) . Polyubiquitination of Numb by the ubiquitin ligase LNX leads to its instability, but it is unclear if Numb degradation is mediated via the proteasome or lysosome.
Genetic evidence from Drosophila indicates that deubiquitination is also important for controlling the endocytic machinery. Fat facets is a deubiquitinating enzyme important for signal regulation and endocytosis during eye development, and the Drosophila epsin homologue, Liquid facets, is a substrate of Fat facets (Ref. 50 , and references therein). Thus both ubiquitination and de-ubiquitination are emerging as mechanisms for regulating the temporal and spatial activity of the endocytic machinery.
Monoubiquitin regulates the activity of transcription factors in the nucleus (51) . In many transcription factors, the transcriptional activation domain overlaps with sequences that promote rapid proteasomal degradation (degrons). Deletion of a yeast E3 responsible for the degradation of a model transcription factor blocks transcriptional activation. Furthermore, fusion of a single ubiquitin moiety to the transcription factor restores activity but not degradation, suggesting that monoubiquitination is required for normal transactivation activity. A polyubiquitin chain may be extended on the active, monoubiquitinated transcription factor to rapidly turn off transcriptional activity when it is no longer necessary.
Two different kinases further illustrate the diversity of ubiquitination in regulating protein function. In the immune system, ubiquitin regulates interleukin-1-dependent activation of the IB␣ kinase through the TAK1 kinase and the Ubc13/ Uev1a ubiquitin-conjugating enzyme (52) . Lys-63-linked polyubiquitin chains on the RING finger ligase TRAF6 are necessary for TAK1 activation as well. In this same signal transduction pathway, auto-ubiquitination of the MEKK1 kinase impairs MEKK1-mediated phosphorylation of at least two physiological targets (53) . MEKK1 is probably not inhibited by proteasomemediated degradation, because MEKK1 levels do not appear to be affected by a proteasome inhibitor. Instead, MEKK1 carries two UIM domains, suggesting that kinase activity is inhibited by an intramolecular interaction between the conjugated ubiquitin and the UIM domains (Fig. 1B) . In this case, ubiquitination appears to autoinhibit protein function.
Ubiquitin Regulates Protein-Protein Interactions
As mentioned previously, two essential hydrophobic patches exist on the ubiquitin surface (12) . Ile-44 and nearby residues are important for interaction with UBA, UIM, CUE, and NZF domains (17, 20, 32) . Such an overlap in binding interface may lead to competition among different ubiquitin-binding proteins for binding to the same ubiquitin conjugate. Proteins that interact with the ubiquitin Phe-4 patch have not yet been identified. Intermolecular interactions with one or both of these surfaces could provide a simple mechanism by which conjugated ubiquitin could regulate contact between proteins.
Post-translational modification of histone tails is a major mechanism for gene regulation (54) . Histones H2B, H2A, H1, and H3 can be modified with monoubiquitin or short ubiquitin chains. Functions for histone ubiquitination have been uncovered in yeast, where H2B ubiquitination is required for meiosis (55) and can influence silencing at the telomere (51) . In its role in transcriptional silencing, ubiquitination of H2B is required for methylation of histone H3 at multiple sites (56 -59) , suggesting the possibility that histone methyltransferases may be recruited to chromatin by ubiquitinated H2B (57, 58) . Histone ubiquitination may also generally influence chromatin function by directly or indirectly affecting nucleosome structure (60) .
The action of the p97/Cdc48 ATPase on its diverse cellular substrates is controlled in part by interaction with two distinct protein adaptors, Ufd1-Npl4 and p47 (61) . The Ufd1-Npl4 complex associates with Cdc48 and is involved in endoplasmic reticulum-associated degradation and nuclear envelope reassembly, whereas p47 is important for reassembly of the nuclear envelope, the endoplasmic reticulum, and the Golgi apparatus 5, and references therein) . The Ufd1-Npl4 complex preferentially binds polyubiquitin through an NZF zinc finger, and p47 has a UBA domain that binds to monoubiquitin (5). The differences in ubiquitin binding of these two adaptor proteins might contribute to the ability of Cdc48 to act on substrates with diverse ubiquitination states. The ability of ubiquitin to enhance protein-protein interactions has also been exploited by enveloped viruses to capture the cellular machinery that mediates MVB vesicle budding (62) . Gag proteins encoded by these viruses recruit components of the MVB budding machinery, such as Tsg101, to the plasma membrane to assist in virus assembly. Gag carries a PTAP peptide sequence that interacts with the UEV domain of Tsg101, and this interaction is enhanced by Gag monoubiquitination (27) . Tsg101 interacts with a related PSAP motif within Hrs in a similar way during MVB cargo sorting, although the effect of Hrs monoubiquitination on this interaction has not been addressed (63) . As all of these examples illustrate, ubiquitin-binding domains in proteins of diverse function interpret and transmit regulatory information that is conveyed by various ubiquitin modifications.
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Perspective
The identification and definition of ubiquitin functions in non-proteasome-dependent processes have just begun. Like phosphorylation, modification with ubiquitin will likely regulate protein location, activity, and binding partners by a number of different methods. Many areas of investigation remain open, including identifying new ubiquitin binding motifs, defining the specificity of ubiquitin-binding domains in vivo for different types of ubiquitin modifications, defining the relationship between coupled ubiquitin binding and monoubiquitination, and providing molecular paradigms for the role of ubiquitin signals in regulating different proteins. The diversity and number of ubiquitin-binding domains suggest that ubiquitin can function in many different contexts; the cellular functions of ubiquitin are truly ubiquitous.
Addendum-The VHS (Vps27/Hrs/STAM) domains of the STAM proteins have been shown to bind mono-and polyubiquitin and to act synergistically with the adjacent UIM domain in ubiquitin binding (64) . VHS domains from other proteins did not exhibit ubiquitin binding under the same conditions, leaving open the question of whether conserved properties of the VHS domain itself confer ubiquitin binding.
